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The objective of this research is to investigate the long-term anti-icing performance and moisture susceptibility of chloride-based
asphalt mixture. Two experiments (the natural and accelerated dissolving-out methods) were conducted on the Marshall samples and
their salt releasing amount were determined based on the density measurement of the aqueous solution with a hydrometer. In addition,
the impact of anti-icing agents (MFL) on the mixture water stability was also investigated. Results show that a similar tendency in both
methods was observed and the salt dissolution history was generally divided into three phases. Most notably, compared with the natural
dissolving-out experiment the accelerated test was more eﬀective and time-saving. Moreover, asphalt concrete with MFL performed
poorer water damage resistance than the conventional asphalt concrete and the residual stability of the former declined more dramat-
ically than the later. Finally, based on the 60 C dissolving-out experiment, a model to predict the eﬀective working time of the anti-icing
asphalt pavement was proposed subsequently.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Statistics show that approximately more than 30% of
winter traﬃc accidents are associated with snow and ice
on pavement surface [1,2]. The black ice on the pavementhttp://dx.doi.org/10.1016/j.ijprt.2016.04.001
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Peer review under responsibility of Chinese Society of Pavement
Engineering.not only poses a great threat to the smooth and secure ﬂow
of traﬃc but also leads to high maintenance budgets [3].
Therefore, deicing and anti-icing technology has long
been an central issue for pavement practitioners [4,5].
Anti-freezing asphalt pavement is a new pavement by add-
ing certain anti-icing chemicals (usually chlorine salt) into
asphalt mixture [6]. Originally applied in Europe in the
1960s, this pavement has been widely used in Switzerland,
Japan, Germany and China [7–9]. The chemicals are
crucial to melt snow and ice and primarily adopted
chemical ﬁllers are sodium chloride, calcium chloride and
magnesium chloride [10]. When subjected to traﬃc loads
these ingredients inside the pavement dissolve outhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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the pavement surface, lowering the freezing point of melt
water and restraining ice and snow from accumulation
[10]. Many eﬀorts have been made to promote the progress
of this pavement. For example, in the 1990s researchers in
Japan developed a new porous anti-icing ﬁller known as
MFL that was widely applied across the world [11,12].
Wang analyzed the inﬂuence of salt content, temperature
and void ratio on the dissolving-out law by determining
the conductivity of salt solution [13]. Liu et al. focused
on the properties of asphalt mixtures containing anti-
freeze ﬁllers with the volume replacement method and
investigated the void content, high and low temperature
properties and the susceptibility to moisture damage by
experimental method [14]. Zhang et al. adopted indoor
simulating tester for anti-freeze pavement to verify the
anti-freeze capability of MFL modiﬁed asphalt concrete
and its snow melting function by observing the testing
process [15]. On the whole, current investigations on the
anti-icing asphalt mixtures primarily focused on the
short-term snow melting performance by naked eye obser-
vation, and on the inﬂuence of anti-icing ﬁllers on mixture
performance. Little work has been reported about the long-
term performance of chloride-based asphalt mixtures since
there is no consistent method to evaluate the mixture long-
term anti-icing property [16]. Moreover, when exploring
the salt dissolving-out progression in the anti-icing mix-
tures, the conductivity test is widely used. However, it will
be beyond range when the salt dissolving-out amount
reaches a certain high value. Nevertheless, little work has
been reported currently to overcome the limitation of this
method.
In this view, this study aimed to evaluate the long-term
anti-icing performance of the chloride-based asphalt mix-
ture and to investigate the impact of chloride chemical on
the mixture moisture susceptibility. In this study, the Mar-
shall samples of asphalt concrete added with MFL powder
were prepared and two experimental programs (natural
dissolving-out experiment and accelerated dissolving-out
experiment) were conducted. To avoid the aforementioned
limitations of the conductivity test, the release amount of
anti-icing salt was determined by measuring the solutionTable 1
Properties of the binder.
Indicator Tes
Penetration (0.1 mm) 58
Penetration index 0.1
Softening point (C) 84
Ductility (cm) 22.
Viscosity (Pa s) 1.1
Flash point (C) 273
Solubility (%) 99.
Elastic recovery (%) 89
Softening point diﬀerence after 48h thermal storage (C) 1.9
Density (g/cm3) 1.0
TFOT mass change (%) 0.0
Penetration ratio (%) 75.density using a hydrometer in this research. In addition,
the residual Marshall stability of asphalt concrete with or
without MFL were compared and analyzed. Finally, a
logarithm between the dissolving-out percentage and time
was ﬁtted and a model to predict the eﬀective working time
of the anti-icing pavement was then presented.
2. Materials and experiments
According to the current literature, there is no standard
test method to evaluate the anti-icing performance
of the snow melting asphalt mixture in the long run [16].
In this study two experiments were designed to assess the
long-term anti-icing property based on the dissolving out
amount of salts in the mixture. This section presents the
basic materials and test methods included in this study.
2.1. Raw materials
2.1.1. Binder and aggregate
A Styrene Butadiene Styrene (SBS) modiﬁed asphalt
binder from Wuhan was used in this experiment and its
main technical properties are listed in Table 1.
The crushed basalt, long been regarded as the best
choice for hot asphalt mixture in current China [17], was
used as the coarse aggregate and the machine-made sand
from the basalt stone was applied as the ﬁne aggregate.
In addition, the mineral ﬁller included in this research
was from the Jingshan stone plant. The physical and
mechanical properties of the coarse and ﬁne aggregates
are shown in Tables 2 and 3. Based on the AC-13 grada-
tion, three preliminary gradations were designed and then
tested to select an optimal one leading to a mixture of
appropriate void volume (VV), good high temperature
stability and enough surface texture depth. The selected
gradation is shown in Table 4.
2.1.2. Anti-icing additive
According to common practice, two types of anti-icing
chemicals are predominantly used in the anti-icing asphalt
pavement, which are the granular ﬁller and the anti-icing
powder. Generally their anti-freezing capabilities diﬀert value Requirement Test method [18]
40–60 T0604
26 P0 T0604
P75 T0606
7 P20 T0605
4 63 T0625
P230 T0611
4 P99 T0607
P75 T0662
62.5 T0661
22 Test value T0603
6 61.0 T0609
9 P65 T0604
Table 2
Properties of the coarse aggregate.
Indicator Test value Requirement Test method [19]
Crushed stone value (%) 11.6 626 T0316
Abrasion value (%) 10.8 628 T0317
Mud content (%) 0.6 63 T0314
Adhesion level 5 above level 4 T0616
Apparent density (t/m3) 9.5–16 mm 3.048 P2.6 T0304
4.75–9.5 mm 2.993
Bulk density (t/m3) 9.5–16 mm 2.996 – T0304
4.75–9.5 mm 2.904
Flat and elongated particle content (%) >9.5 mm 5.2 615.0 T0312
<9.5 mm 7.8 620.0
Water absorption (%) 9.5–19 mm 0.45 62.0 T0304
4.75–9.5 mm 0.63
Table 3
Properties of the ﬁne aggregate.
Indicator Test value Requirement Test method [19]
Apparent density (t/m3) 2.36  4.75 mm 2.872 P2.5 T0328
0  2.36 mm 2.895
Bulk density (t/m3) 2.36  4.75 mm 2.843 – T0304
0  2.36 mm 2.895
Sand equivalent 98 P60 T0334
Mud content (%) 1.3 63.0 T0333
Table 4
Aggregate gradation in the test.
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing percentage (%) 100 97.7 75.0 49.2 36.7 26.7 17.6 14.2 10.6 5.6
Table 5
Properties of the MFL powder.
Index Test result
Density (t/m3) 2.295
Salt content (%) 56.0
pH 8.2
Moisture content (%) 0.2
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properties and chemical ingredients. In this study, a Japa-
nese MFL powder was added to the dense graded asphalt
mixture, which is mainly composed of chlorine salts such
as sodium chloride, calcium chloride, magnesium chloride
as well as silicon dioxide. Moreover, among these ingredi-
ents the most eﬀective part is the sodium chloride which
accounts for over 55% of the mass fraction. The major
technical property and the grain composition of the MFL
powder are shown in Tables 5 and 6.2.2. Mixture
In this paper, the anti-icing asphalt mixture was designed
primarily based on the Marshall Mixture design procedure
(AASHTO 1997) [18]. But some amendments were applied
to this method in that adding anti-icing ﬁllers changes theoriginal aggregate gradation. On the other hand, special
attention was paid to the selection of an appropriate air
void volume. Since the anti-freezing particles are relatively
large once they separate out from the mixture, a consider-
able reduction in the water stability, thermal cracking resis-
tance as well as the high temperature stability of the mixture
was found. In this view, smaller void volume was preferable.
Nevertheless, asphalt mixtures with too small void volume
is highly susceptible to bleeding since there is no adequate
air void to accommodate the hot melting asphalt binder
[20–22]. The minimum void volume is usually no less than
3% in terms of bleeding and post-compression theory [23].
Regarding the fact that the void volume will increase
further after the anti-icing particles dissolve out from the
mixture, a 3% void volume was adopted as the target value.
The optimum asphalt content was determined as 4.8% by
weight of mineral aggregate according to the test results.
As previously mentioned, some amendments were
adopted to revise the Marshall method since the MFL
powder was used to replace the mineral ﬁller. Generally,
the MFL powder has similar gradation to the mineral ﬁller
and it can be used to partially or completely replace the
mineral ﬁllers. But the density of the former (2.25–2.35 t/m3)
is less than that of the latter (about 2.5 t/m3). When replac-
ing at equal weight, the ﬁller volume in the mixture
increases and the mixture mobility reduces consequently,
Table 6
Particle composition of the MFL powder.
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing percentage (%) 100 100 100 100 100 100 100 95 91.0 74.3
Table 7
Original and revised gradation of the anti-icing mixture.
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 MFL
Passing percentage (%)
Original 100 97.7 75.0 49.2 36.7 26.7 17.6 14.21 10.55 5.62 5
Revised 100 97.7 75.0 49.2 36.7 26.7 17.6 14.22 10.9 6.4 4.6
Table 8
Marshall testing results of the mixtures with or without MFL.
Indicator AC-13 AC-13 (with MFL) Requirement [23]
Optimum asphalt content (OAC, %) 4.8 4.8 –
Void volume (VV, %) 2.6 2.9 3
Voids in mineral aggregate (VMA, %) 13.40 13.43 >12.5
Void ﬁlled with asphalt (VFA, %) 80.12 78.72 65–75
Marshall stability (MS, kN) 14.23 14.46 P8
Flow value (FL, mm) 3.40 3.02 2–4
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pave [24]. Therefore the volume-equivalent replacement
method was used to revise the MFL content. Based on
the gradation described in Table 4, the revised gradation
after adding MFL is shown in Table 7.
Combined with the aforementioned optimum asphalt
content (4.8% by weight of mineral aggregates) and the
MFL content (4.6% by weight of aggregates), the Marshall
test was carried out and its results are shown in Table 8.
For comparison, the conventional dense graded asphalt
concrete AC-13 was also tested and its results are also
shown in Table 8.
According to Table 8, after adding MFL into the mix-
ture the void volume changed little and all the indicators
could satisfy the requirements in the code. Therefore this
research still adopted the original gradation and optimum
asphalt content to evaluate the long term performance of
asphalt mixture containing MFL ﬁllers.
2.3. Experimental program
It is widely accepted that the anti-icing performance of
chloride based asphalt mixture is closely related to the salt
content of mixture and the concentration of saline solution
formed on pavement surface after putting in use. In this
research, the Marshall samples of the anti-icing mixture
were prepared and soaked in fresh water and their salt
dissolving-out amount at diﬀerent times was measured
which helped to predict the long-term snow melting perfor-
mance of the mixture. Particularly, two experimental pro-
grams were designed to reﬂect the salt transfer rule under
diﬀerent conditions. One is the natural dissolving-out
experiment and the other is the accelerated dissolving-out
experiment.2.3.1. Natural dissolving-out experiment
In the natural dissolving-out experiment, the prepared
Marshall samples were immersed into certain amount of
fresh water at ambient temperature (25 C). Afterward,
the chlorine salts gradually separated out from inside the
mixture and dissolved in the water, leading to an increase
in the solution concentration. Based on the measured
concentration change, the salt releasing amount was deter-
mined and then used to predict the anti-icing performance
of the mixture.
Notably, salt dissolving-out amount of the samples in
this study was investigated under two conditions: the
top-only condition and the bottom-excluding condition.
According to the former, sealing materials were applied to
the sample surface except for the top and the chlorine salt
could only separate out from the sample top. Whereas in
the bottom-excluding condition, sealing materials was
simply used to the sample bottom to accelerate the salt
separation by enhancing eﬀective contact between sample
and solution. Although the top-only condition is much
closer to actual pavement situation, this study still adopted
the bottom-excluding method since the dissolving and
precipitating rate under the top-only condition is extremely
slow. Testing results are accurate only when the solution
concentration is suﬃciently high.
The procedure of the natural dissolving-out experiment
is as follows.
The prepared sample was ﬁrstly sealed up at its bottom
and weighed. Then it was placed into a container and the
total weight of container and sample was measured. After
putting 500 mL distilled water into the container and sealing
it up, the initial gross weight of the container, sample and
water was measured. Subsequently, the sample was soaked
in the water at room temperature and density measurements
Fig. 1. Dissolving-out percentage at diﬀerent temperatures.
144 M. Zheng et al. / International Journal of Pavement Research and Technology 9 (2016) 140–148were carried out every 5 days. If the density change
was inconspicuous, testing intervals can be prolonged
appropriately. It should be noted that when the total weight
of the three measured later was less than the original value,
some water was needed to keep it constant. The solution
density was measured with a hydrometer and no solution
waste was allowed during the measurement. After the
density measurement was accomplished, the solution should
be poured back into the container to continue the experi-
ment. If solution density changed little after 50 days, the
measurement can be implemented every 10 days. Until
the salt dissolving-out percentage reached more than 90%,
the experiment could be stopped. In order to show the
deviation, four parallel samples were included in the experi-
ment and ﬁnally the mean value of them was taken as the
ﬁnal result.
Based on the measured density, the solution concentra-
tion in the natural dissolving-out experiment could be
determined and the salt dissolving-out percentage in the
mixture was calculated as follows.
m1 ¼ M  r
1þ OAC ð1Þ
A ¼ m1  c ð2Þ
P ¼ ðq2  q1Þ  m2
A  q1
ð3Þ
where M is the weight of sample (g); OAC is the optimum
bitumen-aggregate ratio (%); r is the weight ratio of MFL
to mineral aggregate (%); m1 is the content of MFL in
the sample (g); m2 is the weight of distilled water (g); c is
the content of anti-icing attributes in MFL (%); q1 is the
density of water (g/cm3); q2 is the density of the dilute solu-
tion (g/cm3); A is the weight of anti-icing attributes in the
sample (g); P is the salt dissolving-out percentage (%).
2.3.2. Accelerated dissolving-out experiment
Although the natural dissolving-out method may be
used, it is time-consuming and needs to be revised for a
higher eﬃciency. Hoiberg et al. found that the stiﬀer the
asphalt was the less permeable it became [25] and the
permeability coeﬃcient of straight-run asphalt was smaller
than that of the oxidized asphalt [26]. With the temperatureincreasing asphalt got softer and its permeation coeﬃcient
increased gradually. For example, the permeability coeﬃ-
cient of the bitumen at 55 C is about 3 times of that at
15 C. Moreover according to the molecular diﬀusion
theory salt dissolving-out history can be accelerated by
warming up the dilute solution.
However, an appropriate temperature is critical to the
accelerated dissolving-out experiment. To determine the
optimum temperature the samples were tested at ﬁve
diﬀerent temperatures (40 C, 50 C, 60 C, 70 C and
80 C) and their 48 h dissolving-out percentage were
calculated. The results are shown in Fig. 1.
It can be seen in Fig. 1 that the dissolving-out percent-
age increased originally as the temperature went up and
then peaked at 60 C. When the test temperature exceeded
60 C, the salt dissolving-out percentage decreased. The
ﬁrst increase in the dissolution may be resulted from the
violent molecular motion and high asphalt water perme-
ability related to higher temperature. However when the
temperature went beyond 60 C, the dissolution began to
decrease since the enhanced water permeability of asphalt
had little to do with the mixture permeability. On the
contrary, the hot binder ﬂew and blocked some pores
inside the mixture which may prevent salt inside the
mixture from dissolving out further.
As shown in Fig. 1, the temperature corresponding to
the peak dissolving-out percentage is around 62 C, and
therefore 60 C was ﬁnally adopted in the accelerated
dissolving-out experiment.2.3.3. Water stability test
The residual Marshall stability test was adopted to
evaluate the long-term moisture susceptibility of the anti-
icing asphalt mixture. Two mixtures were adopted (one is
AC with MFL and the other control piece is asphalt concrete
without MFL) and the test was carried out every other day
after the samples were soaked in the aqueous solution.3. Results and discussion
This section presents the results of the long-term
dissolving-out experiments at ambient temperature as well
Fig. 2. Salt dissolving-out curve with time in natural dissolving-out test.
Fig. 3. Dissolving-out percentages at diﬀerent days.
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the natural dissolving-out result and the accelerated test
was analyzed and a logarithm to predict the eﬀective work-
ing time of the snow melting asphalt mixture was ﬁtted on
the basis of the test data. In addition, the impact of the
anti-icing agents on the water stability of the mixture was
also discussed herein.
3.1. Results of natural dissolving-out experiment
The results of the natural dissolving-out experiment are
shown in Fig. 2.
As seen in Fig. 2, the salt dissolving-out history could be
divided into three phases. The ﬁrst was the rapid
dissolving-out period which was from the beginning to
the 10th testing day. The second was the steady releasing
period with a constant rate and lasting from the 10th day
to the 110th day. The last phase was the slowly
dissolving-out period after the 110th day, featuring a grad-
ually decreasing dissolving-out rate.
The reason for the rapid salt dissolution initially was
that when preparing the sample a small part of salt was left
over on the sample surface, they dissolved quickly once
meeting the water. In addition the anti-icing attributes
inside the sample dissolved simultaneously, leading to a
rapid dissolution rate at the ﬁrst stage.
However at the second stage the salt dissolved out at a
constant speed which mainly resulted from two actions thatformed a balance. One was the increased release of salt
inside the mixture by the capillary attraction and the other
was the gradually slowed separation of salt on the surface
of the sample.
Finally, the third period showed a decelerated
dissolving-out rate and it was primarily due to the comple-
tion of the salt separation on the sample surface and inside
the piece. Since the anti-icing attributes in this period were
far less than that in the previous stages and the eﬀective dis-
solving out area has been dramatically reduced, therefore
the salt dissolving-out process slowed down accordingly.
3.2. Results of accelerated dissolving-out experiment
The accelerated dissolving-out experiment using the
Marshall samples was conducted at 60 C and a logarithm
with a satisfactory goodness was ﬁtted on the test data to
show the relationship of the dissolving-out percentage with
time (shown in Fig. 3). The logarithm could be expressed as
follows.
u1 ¼ 14:137 ln t1 þ 21:097ðt1 P 0:25ÞðR2 ¼ 0:8947Þ ð4Þ
where u1 is the dissolving-out percentage (%); t1 is the soak-
ing time of samples(d) and it is usually no less than 0.25 to
keep u2 greater than 0.
Take the derivative of time, Eq. (4) transforms into Eq.
(5) which denotes the tangent of the dissolving-out percent-
age time curve:
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where u01 is the rate of dissolving-out percentage.
It can be drawn from Eq. (5) that the salt dissolving-out
rate in the accelerated dissolving-out program decreased
with time increasing, which is in good agreement with the
tendency in the natural dissolving-out experiment.
3.3. Prediction of eﬀective anti-icing time
It is widely accepted that the anti-icing attribute
separated out from the asphalt mixture plays an important
role in melting ice and snow on road surface during snowy
days. The more the anti-icing attributes separate out, the
better the snow melting performance is. Therefore, this
research adopted the long-term salt dissolving-out
percentage to evaluate the snow melting performance of
the mixture. As previously mentioned the dissolving-out
tendency in the accelerated test was similar to that in the
natural dissolving-out experiment. Therefore, a more
reasonable dissolving-out law of the salt can be obtained
based on both the natural dissolving-out results and the
accelerated results.
According to the test data, the accelerated dissolving-
out quantity was approximately 8 times of that in the
natural dissolving-out experiment. Consequently, a new
set of data can be obtained by multiplying the testing time
of the accelerated test by 8. Then a new curve was drawn
based on the expanded dissolving-out data. Fig. 4 shows
the curve and its ﬁtting logarithm. The ﬁtting logarithm
of the expanded dissolving-out data can be expressed as
follows:
u2 ¼ 23:146 ln t2  40:955ðt2 P 8Þ ðR2 ¼ 0:9320Þ ð6Þ
where u2 is the expanded dissolving-out percentage(%); t2 is
the soaking days of the sample and it is usually no less than
8 to keep u2 greater than 0 (d).
As seen in Fig. 4, this logarithm ﬁts the test results well
with a considerably high goodness (R2 = 0.9320) and
Eq. (6) can be used to evaluate the long term anti-icing
performance of the mixture. However, the naturalFig. 4. Expanded dissolving-out percentagdissolving-out experiment is time-consuming and ineﬃcient
for practical use. Whereas the testing time in the acceler-
ated experiment is dramatically cut down, therefore the
12-day 60 C accelerated experiment was adopted eventu-
ally to evaluate the long-term anti-icing performance of
the mixture in this study.
According to Eq. (4) , when t1 equals to t/8 this equation
transforms to Eq. (7):
u ¼ 14:137 ln t  8:3001 ðtP 2Þ ð7Þ
When the salt dissolving-out percentage equals to u, the
eﬀective working time of the anti-icing salt in the pavement
can be calculated as follows:
t ¼ eðuþbÞ=a=K ð8Þ
where t is the eﬀective working time; a is 14.137; b is 8.3001;
K is the area conversion factor and it is 3.5
(K ¼ S1=S2; S1 ¼ pr2 þ 2prh; S2 ¼ pr2; r and h is the radius
and height of Marshall specimen respectively.)
When the salt is 100% dissolved out from the asphalt
mixture to the pavement surface (or rather, u equals to
100), the predicted eﬀective working time of the anti-icing
asphalt pavement can be calculated as follows:
T ¼ eð100þbÞ=a=K ð9Þ
However, the predictive model shown in Eq. (9) needs to
be adjusted for diﬀerent situations. For example, for other
mixture gradations, the accelerated dissolving-out test can
be conducted to establish a model like Eq. (7) and to
determine the constants (a, b). Then, the eﬀective working
time can be determined thereupon. It should be noted that
the working time is the continuous working time of the
anti-icing asphalt pavement in continued snowy days.
Considering the basic parameters, the eﬀective working
time of the anti-icing pavement in this study was 607 days
according to the above model, which means that the
pavement can work for 607 days when exposed to continu-
ous snowy days. However, for application in other situa-
tions, actual snowfall days oﬀered by the meteorological
department should be adopted to revise the prediction.e at diﬀerent days and its ﬁtting curve.
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performance such as snowfall amount, environmental
temperature, moisture content, axle loads etc. are more
complicated than that in this experiment, this research
made an valuable exploration in the cognition of the
long-term salt release law in the chloride-based asphalt
pavement.3.4. Eﬀect of MFL on mixture water stability
The results of the residual Marshall stability test of the
two mixtures (AC with MFL and the control) are shown
in Fig. 5.
As shown in Fig. 5, both the control and the AC with
MFL piece showed decrease in the Marshall stability with
the soaking time went by. Particularly, the latter decreased
more remarkably than the former and it decreased approx-
imately in a linear way. In addition, it was noted the 8th
day marked a signiﬁcant stability diﬀerence (greater than
2 kN) between the two samples. Most notably, on the
12th day the residual stability of the AC with MFL piece
was below 8 kN which is the minimum value in the code,
and hence the experiment had to be stopped.
Fig. 5 also shows that compared with the control
sample, a rapid decline in the residual stability of the AC
with MFL was found. On the 6th day, the residual stability
of the AC with MFL was less than 75% (minimum value in
the code). While the control mixture reached the same
value much later, almost on the 9th day. Some reasons such
as high air void, poor adhesion between the binder and the
aggregate as well as weakening of the asphalt mastic may
account for the rapid decline in the residual stability of
the anti-icing mixture.
It has been commonly accepted that a large number of
pavement moisture damages resulted from the weakening
of adhesion between binder and aggregates. The adhesion0 2 4 6 8 10 12
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Fig. 5. Marshall stability at diﬀerent times.mechanism between them is usually categorized as the
chemical absorption and the physical adhesion. The former
is mainly related to the chemical reaction between the
bitumen and the metallic cations on the aggregate surface,
whereas the physical adhesion is mainly dependent upon
the intermolecular force. Since the chemical absorption is
usually greater than the physical adhesion, it plays a
dominant role in the binder-aggregate adhesion and is
critical to the mixture moisture susceptibility.
In this study, the AC with MFL showed poor long-term
water damage resistance than the control piece and the
reasons may lie in two facts. On the one hand, the mixture
has a weaker chemical absorption between binder and
aggregates which resulted from the replacement of mineral
ﬁller by the anti-icing powder. On the other, a greater void
volume was attained after the anti-icing salt separated out
which increased the risk of moisture damage. In this view,
some countermeasures are highly recommended to enhance
the moisture resistance of the mixture such as selecting
appropriate aggregate and asphalt binder, adopting
eﬀective anti-stripping agents etc.
4. Conclusions
This research adopted the 60 C dissolving-out experi-
ment to evaluate the long-term anti-icing performance of
chloride-based asphalt mixture, and a model to predict
the eﬀective working time of the anti-icing asphalt pave-
ment was proposed subsequently based on the laboratory
test. In addition, the impact of anti-icing agents on the
mixture water stability was also investigated. Some
preliminary conclusions can be drawn as follows:
(a) The salt dissolution progression both at ambient
temperature and at 60 C could be divided into three
phases. Compared with the natural dissolving-out
experiment, the accelerated dissolving-out test was
more eﬀective and timesaving.
(b) In the accelerated test, the optimal temperature for
asphalt mixture added with MFL was around 60 C.
(c) A model to predict the eﬀective working time of the
anti-icing pavement was proposed based on the lab
accelerated experiment and local meteorological
information should be taken into account to calibrate
the prediction.
(d) Asphalt concrete with MFL performed poorer water
damage resistance than the conventional asphalt
concrete and the residual stability of the former
declined more dramatically than the later. Therefore,
rigid measures should be taken to improve the water
stability of the anti-icing asphalt mixture.
Acknowledgments
This research was supported by the Fundamental
Research Funds for the Central Universities in China
148 M. Zheng et al. / International Journal of Pavement Research and Technology 9 (2016) 140–148(No. 310821163502) , the Special Funds for Basic Scientiﬁc
Research of Central Colleges, Chang’an University (Grant
No. CHD2011ZD017), the Customize Traﬃc Science and
Technology Project of Rizhao city in Shandong province,
the Science and Technology Innovation Plan of Shandong
province (Grant No. LU Transport Technology [2011] 22),
the Science and Technology Project of Tianjin city and the
Transportation Science and Technology project of Henan
province (Grant No. 2010P229).
References
[1] Z.P. Fu, Y.N. Qu, F.W. Guo, Application of anti-freezing seal for
asphalt pavement, Pet. Asphalt 26 (3) (2012) 50–53.
[2] Y.N. Qu, Z. Li, Z.P. Fu, F.W. Guo, Laboratory evaluation of
performances of novel anti-freezing seal for pavement, Pet. Asphalt
26 (3) (2012) 54–57.
[3] A. Muthumani et al., Correlating lab and feld tests for evaluation of
deicing and anti-icing chemicals: a review of potential approaches,
Cold Reg. Sci. Technol. 97 (2014) 21–32.
[4] A. Fujimoto, R.A. Tokunaga, M. Kiriishi, et al., A road surface
freezing model using heat, water and salt balance and its validation by
ﬁeld experiments, Cold Reg. Sci. Technol. (1) (2014) 1–10
[5] X.M. Shi et al., Evaluation of Alternative Anti-Icing and Deicing
Compounds using Sodium Chloride and Magnesium Chloride as
Baseline Deicers, Report of Colorado Department of Transportation,
No. CDOT-2009-1, 2009.
[6] S.S. Jiang, Q.S. Sun, Evaluation of snow melting performance of
asphalt pavement containing deicing chemicals, J. China Foreign
Highway 32 (1) (2012) 243–248.
[7] H.W. Zhang, L.K. Chen, B.L. Zhang, W.J. Pan, Status and prospect
of anti-freezing asphalt pavement at home and abroad, Highway 1
(2011) 135–139.
[8] Y. Issii, Present status and evaluation of anti-icing pavement in
Japan, XIth PIARC international winter road congress, 2002, Japan.
[9] S.M.K. Hossain et al., Eﬀectiveness of anti-icing operations for snow
and ice control of parking lots and sidewalks, Can. J. Civil Eng. 41
(2014) 523–530.
[10] Using salt and sand for winter road maintenance, Wisconsin Transp.
Bull. No. 6 (2005).[11] Z.J. Wang, F.P. Li, R. Ma, E.H. Yan, Experiment on road
performance of asphalt mixture with automatic long-term snow
melting agent, Int. J. Pavement Res. Technol. 6 (4) (2013) 372–378.
[12] F. Wang, S. Han, H.W. Zhang, O.M. Xu, A study on application of
salt anti-freezing asphalt mixture, Highway 3 (2009) 176–179.
[13] F. Wang, S. Han, L.J. Zhang, J.Q. Ling, Eﬄorescence experiment of
asphalt mixture with salt for melting snow and ice, J. Chang’an Univ.
30 (6) (2010) 16–19.
[14] Z.Z. Liu, M.L. Xing, S.F. Chen, R. He, P.L. Cong, Inﬂuence of the
chloride-based anti-freeze ﬁller on the properties of asphalt mixtures,
Constr. Build. Mater. 51 (2014) 133–140.
[15] H.W. Zhang, S. Han, L.J. Zhang, X.X. Lv, Anti freezing and snow
melting of MFL modiﬁed asphalt mixture, J. Chang’an Univ. (Science
Edition) 31 (2) (2013) 17–19.
[16] M.L. Zheng, J.L. Zhou, S.J. Wu, Evaluation of long-term perfor-
mance of anti-icing asphalt pavement, Constr. Build. Mater. 84 (2015)
277–283.
[17] F. Chen, Limestone Aggregate Asphalt Pavement Surface Applica-
tion Technology Research (Master’s thesis), Changsha University of
Science & Technology, 2013.
[18] Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering (JTJ 052-2000), China Communications Press,
Beijing, 2000.
[19] Test Methods of Aggregate for Highway Engineering (JTG E42-2005)
, China Communication Press, 2005.
[20] F.J. Chen et al., The material principle of bleeding in asphalt
pavement, Eng. Mech. S1 (II) (2009) 415–420.
[21] T. Park et al., Causes of bleeding in a hot-in-place asphalt pavement,
Constr. Build. Mater. 21 (2007) 2023–2030.
[22] K. Hamed, An analytical-empirical investigation of the bleeding
mechanism of asphalt mixes, Constr. Build. Mater. 45 (2013) 138–
144.
[23] Technical Speciﬁcation for Construction of Highway Asphalt Pave-
ment (JTG F40-2004), China Communications Press, Beijing, 2004.
[24] F.P. Li, Experiment of road performance of asphalt mixture with
automatic long-term snowmelt agent, J. Highway Transp. Res. Dev.
29 (2012) 7–11.
[25] A.J. Hoiberg, Analytical relationships in rooﬁng asphalts pertinent to
source, Ind. Eng. Chem. Prod. Res. Dev. 19 (1980) 450–456.
[26] M. Zhao, Z.Q. Zhang, Investigate of nature of straight asphalt from
Japan, Pet. Asphalt 02 (1989) 54–63.
